We report a case of ceftriaxone-induced immune hemolytic anemia in a 10-year-old with chronic active Epstein-Barr virus disease and hemophagocytic lymphohistiocytosis. After chemotherapy, she became febrile and received ceftriaxone. She rapidly developed respiratory failure and anemia. Her direct antiglobulin test was positive for IgG and C3. To confirm this was ceftriaxone-induced complement-mediated hemolysis, we adapted the complement hemolysis using human erythrocytes (CHUHE) assay by adding exogenous ceftriaxone to the patient's serum which enhanced lysis of her erythrocytes. We confirmed that ceftriaxone initiated a classical complement pathway-mediated hemolysis by in vitro reversal with peptide inhibitor of complement C1 (PIC1).
Introduction
Ceftriaxone-induced immune hemolytic anemia (CIIHA) is a rare complication that can lead to shock, multiorgan dysfunction, and death. Ceftriaxone is the second most common agent to cause drug-induced hemolytic anemia [1] .
e majority of documented cases of CIIHA have occurred in children [1] . Cases of CIIHA are primarily reported in patients with an underlying condition of sickle cell disease or HIV with fatalities in 30% of those published [2] . Because this is a type 2 hypersensitivity reaction, the disease process can progress rapidly after re-exposure [3] . Here, we report a case of CIIHA in a 10-year-old female with chronic active Epstein-Barr virus (EBV) disease and hemophagocytic lymphohistiocytosis (HLH).
CIIHA is mediated by anticeftriaxone antibodies that bind to circulating ceftriaxone creating immune complexes that initiate classical complement pathway activation, which lyses erythrocytes [4] . Anticeftriaxone antibodies develop in 12.5% of patients frequently exposed to ceftriaxone [5] , but CIIAH is a very rare complication. Standard evaluation for suspected CIIAH includes a direct antiglobulin test (DAT) and evaluation for the presence of anticeftriaxone antibodies. CIIAH is inferred as the diagnosis if the DAT is positive for complement and the presence of anticeftriaxone antibodies is confirmed. However, those test results do not prove that the anticeftriaxone antibodies are interacting with ceftriaxone to initiate classical complement pathwaymediated hemolysis.
In order to prove the mechanism of action for this patient, we utilize new technologies including the complement hemolysis using human erythrocytes (CHUHE) assay and peptide inhibitor of complement C1 (PIC1). e CHUHE assay utilizes human serum and human erythrocytes to measure complement-mediated hemolysis for the specific serum and specific erythrocytes that are coincubated [6, 7] . PIC1 is a small peptide inhibitor of classical pathway complement activation which acts by inhibiting enzymatic activation of C1, the first component of the cascade [8] [9] [10] .
Methods
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Reagents.
e patient's blood and sera were provided as discarded deidentified samples from residual specimens in the blood bank. PIC1 derivative PA-dPEG24 [8] was synthesized by the PolyPeptide Group (San Diego, CA). Standard veronal complement buffers were utilized [6] .
Modified CHUHE Assay.
e patient's sera (0.1 ml) were combined with ceftriaxone (10 μg/ml final concentration) in an ice-water bath for 30 minutes to enhance immune complex formation. is solution was then warmed to 24°C, and her erythrocytes (5 × 10 7 ) were added, with or without PIC1 (final concentration 0.75 mM). Samples were incubated at 37°C for 1 hour, and hemolysis was stopped by the addition of 2.0 ml of GVBS-EDTA buffer (veronal-buffered saline with 0.1% gelatin and 10 mM EDTA). Erythrocytes were sedimented, and free hemoglobin was measured by spectrophotometry at 412 nm. Due to the limited amount of serum and erythrocytes available, we could only perform n � 2 independent experiments performed in duplicate.
Statistical Methods.
Quantitative data were analyzed determining means, standard error (SEM), and Student's ttest using Excel (Microsoft, Redmond, WA).
Case Presentation
A 10-year-old female with chronic active EBV disease and HLH was evaluated in the emergency department for fever and possible sepsis after recently receiving chemotherapy. In the emergency department, she received a dose of ceftriaxone (50 mg/kg). She had received ceftriaxone on three previous occasions with no history of adverse reaction. Within one hour, she developed back pain, tachycardia, and tachypnea. Over the next three hours, she developed worsening distress and failed continuous positive airway pressure support and required endotracheal intubation with mechanical ventilation. She also experienced hypotension requiring fluid resuscitation and a continuous epinephrine infusion.
Prior to receiving ceftriaxone, she had an erythrocyte hemoglobin concentration of 11.9 g/dL. Four hours later, her hemoglobin had decreased to 6.1 g/dL, followed by a pointof-care hemoglobin of 5.1 g/dL. ere were spherocytes on her peripheral blood smear as well as red blood cell aggregation. A DAT report was sent after confirmation of the hemoglobin decrease and was positive for both IgG and C3. Urinalysis demonstrated hemoglobinuria and bilirubinuria. She required four packed red blood cell transfusions (each 10 mL/kg) over 72 hours, after which her hemoglobin stabilized at her initial baseline. High-dose methylprednisolone was begun during the first day of admission. On admission, one day later, and five days later, her total bilirubin levels were 1.5 mg/dL, 10.7 mg/dL, and 23.1 mg/dL, respectively, with 90% being unconjugated. On admission, her LDH was 514 U/L and increased to 42,093 U/L two days later. Her renal function declined 24 hours after ceftriaxone, with her BUN doubling from 12 mg/dL to 25 mg/dL and serum creatinine tripling from 0.3 mg/dL to 0.9 mg/dL. She continued to require inotropic blood pressure support for three days and required mechanical ventilation for sixteen days. Her presentation was highly suggestive of CIIHA and did not include red urine or severe anemia making the suspicion for cold agglutinin syndrome low.
e American Red Cross tested a blood sample from the day after admission and reported "Our testing was not definitive due to unexpected reactivity at the 37°C phase of testing with one set of controls. However, all controls were acceptable at the antihuman globulin phase of testing. e strong reactivity at 37°C and the reactivity at the antihuman globulin phase of testing indicate a strong likelihood that the patient has antibody to ceftriaxone." In order to evaluate whether this was ceftriaxone-initiated hemolysis, we adapted the complement hemolysis using human erythrocytes (CHUHE) hemolytic assay utilizing the patient's serum and erythrocytes and adding exogenous ceftriaxone. ese experiments showed that adding ceftriaxone (10 μg/ml) to her serum increased complement-mediated hemolysis (p � 0.02) of her erythrocytes (Figure 1 ). We also evaluated whether the hemolysis was occurring via the classical complement pathway by adding peptide inhibitor of complement C1 (PIC1). Adding PIC1 (0.75 mM) in addition to ceftriaxone to her serum and erythrocytes decreased hemolysis compared with adding ceftriaxone alone (p � 0.03), returning hemolysis to the level of the no-ceftriaxone control. Together, these tests confirmed that the hemolysis was initiated by ceftriaxone and mediated via the classical complement pathway. ese results raise the possibility that a classical pathway complement inhibitor could be employed therapeutically to moderate the disease process by blocking complement opsonization (e.g., C3b, iC3b, and C3d) of erythrocytes and inhibiting hemolysis. A terminal complement pathway inhibitor could also inhibit hemolysis, but would not stop complement opsonization of the erythrocytes.
Discussion
Here, we describe a case of CIIHA where we utilized new technologies to confirm the etiology and mechanisms of hemolysis. We modified the CHUHE assay [6, 7] by adding exogenous ceftriaxone and showed that hemolysis of the patient's erythrocytes was enhanced in the presence of ceftriaxone, confirming that ceftriaxone was the initiating stimulus.
is result is consistent with a mechanism of 2 Case Reports in Hematology "innocent bystander" complement-mediated hemolysis indicative of a drug-dependent IHA. We then added a classical complement pathway inhibitor, PIC1 [8] , which inhibited ceftriaxone enhancement of hemolysis, demonstrating that the hemolysis was mediated by the classical complement pathway. ese results also suggest the potential for complement inhibitors to be used clinically in treating CIIHA to prevent further hemolysis in the correct clinical setting with a C3-positive DAT. e long half-life of ceftriaxone of 8-9 hours [11] suggests that complement activation and hemolysis will continue to occur for a period of time as evident in this patient's course and can potentially be moderated. Blood urea nitrogen pRBC:
Packed red blood cells.
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